Eukaryotes and bacteria regulate the activity of some proteins by localizing them to discrete subcellular structures, and eukaryotes localize some RNAs for the same purpose. To explore whether bacteria also spatially regulate RNAs, the localization of tmRNA was determined using fluorescence in situ hybridization. tmRNA is a small regulatory RNA that is ubiquitous in bacteria and that interacts with translating ribosomes in a reaction known as transtranslation. In Caulobacter crescentus, tmRNA was localized in a cell-cycle-dependent manner. In G1-phase cells, tmRNA was found in regularly spaced foci indicative of a helix-like structure. After initiation of DNA replication, most of the tmRNA was degraded, and the remaining molecules were spread throughout the cytoplasm. Immunofluorescence assays showed that SmpB, a protein that binds tightly to tmRNA, was colocalized with tmRNA in the helix-like pattern. RNase R, the nuclease that degrades tmRNA, was localized in a helix-like pattern that was separate from the SmpBtmRNA complex. These results suggest a model in which tmRNASmpB is localized to sequester tmRNA from RNase R, and localization might also regulate tmRNA-SmpB interactions with ribosomes.
Eukaryotes and bacteria regulate the activity of some proteins by localizing them to discrete subcellular structures, and eukaryotes localize some RNAs for the same purpose. To explore whether bacteria also spatially regulate RNAs, the localization of tmRNA was determined using fluorescence in situ hybridization. tmRNA is a small regulatory RNA that is ubiquitous in bacteria and that interacts with translating ribosomes in a reaction known as transtranslation. In Caulobacter crescentus, tmRNA was localized in a cell-cycle-dependent manner. In G1-phase cells, tmRNA was found in regularly spaced foci indicative of a helix-like structure. After initiation of DNA replication, most of the tmRNA was degraded, and the remaining molecules were spread throughout the cytoplasm. Immunofluorescence assays showed that SmpB, a protein that binds tightly to tmRNA, was colocalized with tmRNA in the helix-like pattern. RNase R, the nuclease that degrades tmRNA, was localized in a helix-like pattern that was separate from the SmpBtmRNA complex. These results suggest a model in which tmRNASmpB is localized to sequester tmRNA from RNase R, and localization might also regulate tmRNA-SmpB interactions with ribosomes.
RNase R ͉ SmpB ͉ tmRNA C ells use spatial as well as temporal regulation of gene products to control normal physiological events and to respond to environmental challenges. Precise localization of proteins is used in eukaryotes and bacteria for processes such as cytoskeleton formation, cytokinesis, replication, and a wide array of signal transduction pathways (1) . Eukaryotes also localize RNAs for regulatory control. For example, Xenopus and Drosophila localize mRNAs to regulate developmental timing (2, 3) , and yeast localize the ash1 mRNA to the bud tip of dividing cells to control mating type switching (4) . In contrast, there have been no reports of localization of endogenous bacterial RNAs. Here, we examine the localization of a small regulatory RNA, tmRNA, in the model bacterial species Caulobacter crescentus. tmRNA is a highly abundant and widespread RNA that interacts with translating ribosomes in a reaction known as trans-translation (5) (6) (7) (8) . The termini of tmRNA fold into a structure that mimics the acceptor stem and T⌿C arm of tRNA Ala , and tmRNA is charged with alanine by alanyl-tRNA synthetase. Instead of an anticodon arm, tmRNA contains three to four pseudoknots and a specialized ORF. During transtranslation, tmRNA enters translating ribosomes that are near the 3Ј end of an mRNA. tmRNA displaces the mRNA, and a peptide tag encoded in the tmRNA reading frame is added to the C terminus of the nascent polypeptide. The tmRNA peptide tag is recognized by several proteases, targeting the protein for rapid degradation (9) . This reaction also releases the ribosome and promotes degradation of the mRNA that was being translated. A small protein, SmpB, binds to the tRNA-like domain of tmRNA and is required for tmRNA structure, stability, and activity (10) . tmRNA and SmpB have been found in every bacterial species investigated. They are essential in some bacteria, and in others they are required for virulence (11, 12) , antibiotic resistance (13) , symbiosis (14) , and cell-cycle control (15) . In C. crescentus, tmRNA and SmpB are required for correct timing of DNA replication and differentiation (15) .
C. crescentus is a model system for studies of bacterial differentiation and cell-cycle regulation because it is easy to obtain synchronized cultures of cells in G 1 phase, called swarmer cells. Swarmer cells execute a developmental program that coordinates initiation of DNA replication with morphological differentiation into stalked cells. During differentiation, the polar flagellum is ejected and a stalk grows at the same site. Stalked cells complete S phase and divide, producing a stalked cell and a new swarmer cell. trans-Translation is required for correct timing of events during the developmental program. Cells lacking ssrA (the gene encoding tmRNA) or smpB do not initiate DNA replication at the correct time, and all subsequent cellcycle-regulated events are delayed. Consistent with this phenotype, tmRNA and SmpB levels are temporally regulated as a function of the cell cycle (10, 15) . tmRNA and SmpB accumulate during the G 1 -S phase transition, when both molecules are synthesized and stable. Proteolysis of SmpB in early S phase allows degradation of tmRNA by the exoribonuclease RNase R, dramatically decreasing the levels of tmRNA-SmpB complex in stalked cells (10) . The experiments described here show that tmRNA, SmpB, and RNase R are localized to specific sites within the cytoplasm, and suggest that spatial as well as temporal mechanisms are used to regulate trans-translation.
Results
tmRNA Is Localized in C. crescentus. Fluorescence in situ hybridization (FISH) has been used to observe the subcellular localization of DNA and RNA in eukaryotic cells, and several studies in bacteria have used FISH to study the localization of DNA segments (16, 17) . We adapted FISH to observe RNA localization in C. crescentus. To probe for tmRNA, a DNA oligonucleotide probe complementary to the tmRNA reading frame sequence was synthesized and conjugated to the fluorophore Cy3 (SsrA-Cy3). Fixed C. crescentus cells were probed with SsrA-Cy3 to determine whether tmRNA was localized within the bacterial cytoplasm. A localized fluorescence signal was observed in 68% of cells (n ϭ 122) (Fig. 1) . These cells contained a pattern of four to six regularly spaced foci that in some cases were connected with bands or extended filaments of fluorescence signal. Of the cells, 32% had very little fluorescence signal. To ensure that the fluorescence pattern was a result of specific hybridization of SsrA-Cy3 with tmRNA, FISH experiments were repeated using cells deleted for ssrA, the gene encoding tmRNA. The fluorescence signal after probing ⌬ssrA cells with SsrA-Cy3 was indistinguishable from mock FISH experiments using wildtype or ⌬ssrA cells in which no SsrA-Cy3 was added, indicating that SsrA-Cy3 specifically recognized tmRNA. These results suggest that when tmRNA is expressed in C. crescentus, it is localized in a discrete pattern in the cytoplasm.
The pattern of tmRNA localization is similar to that observed for proteins that form helical structures in C. crescentus and other bacteria. For example, MreB in C. crescentus (18) , Esch-erichia coli (19) , and Bacillus subtilis (20) , Mbl in B. subtilis (21) , FrzS in Myxococcus xanthus (22) , and RNase E in E. coli (23) are each localized to helical structures in the cell, and immunofluorescence images of these proteins produce patterns of regularly spaced foci and bands. Therefore, we will refer to the pattern of regularly spaced foci and bands as a helix-like pattern. Because FISH requires fixed cells, it is not possible to obtain true three-dimensional information. However, the FISH results for tmRNA are consistent with localization of this RNA to a helical structure.
tmRNA Localization Changes During the Cell Cycle. To determine whether the localization of tmRNA changes during the cell cycle, the FISH experiments were repeated using synchronized C. crescentus cultures (Fig. 2) . In swarmer (G 1 phase) cells, tmRNA was localized in a helix-like pattern. This pattern was retained during the G 1 -S phase transition. In stalked cells, after DNA replication had been initiated, the fluorescence signal was reduced, consistent with degradation of most tmRNA during this portion of the cell cycle. The residual fluorescence signal in these stalked cells was homogeneously distributed throughout the cytoplasm. As S phase progressed, the fluorescence signal increased, forming a helix-like pattern over the entire length of the predivisional cells. These results indicate that in swarmer and predivisional cells, when tmRNA is abundant, it is localized in a helix-like pattern, but that degradation of tmRNA in stalked cells coincides with delocalization of the remaining tmRNA.
SmpB Is Colocalized with tmRNA. Biochemical data indicate tm-RNA and SmpB form a tightly associated 1:1 complex (K d ϭ 1-2 nM), and that SmpB and tmRNA are present at approximately equimolar amounts in vivo; so it is likely that almost all SmpB is bound to tmRNA in C. crescentus cells (10) . To determine whether SmpB is localized in the same pattern as tmRNA, cells were observed using immunofluorescence microscopy (IFM) with an antibody raised against SmpB. SmpB signal was localized in 72% of cells observed (n ϭ 94), with a pattern of four to six regularly spaced foci, similar to the pattern observed for tmRNA (Fig. 2) . IFM experiments using cells deleted for smpB showed no detectable fluorescence and were indistinguishable from mock IFM experiments in which no anti-SmpB antibody was added. To further confirm the SmpB localization pattern, IFM experiments were repeated using cells expressing a SmpB variant with an M2 epitope at the C terminus (SmpB-M2) probed with anti-M2 antibody conjugated to Cy3. These images showed fluorescence with a pattern identical to experiments performed with the anti-SmpB antibody [supporting information (SI) Fig.  S1 ]. Therefore, the localization pattern observed using IFM was caused by localized SmpB protein.
To test whether tmRNA and SmpB were colocalized, fixed C. crescentus cells were probed for both tmRNA, using SsrA-Cy3, and SmpB, using anti-SmpB antibody (Fig. 3) . A merged image of the tmRNA signal, shown in red, and the SmpB signal, shown in green, produced a predominantly yellow pattern, indicating that the tmRNA and SmpB foci were colocalized. The degree of colocalization was quantified by plotting the red and green intensity for each pixel and measuring the overlap coefficient (R) (24) . Using this technique, images of signals that are colocalized will result in R ϭ 1.0, and images of signals that are not related will have R ϭ 0.5. The tmRNA and SmpB images had R ϭ 0.9, indicating a high degree of colocalization.
SmpB Is Required for tmRNA Localization. To determine whether tmRNA localization requires SmpB, FISH experiments with SsrA-Cy3 were repeated using ⌬smpB cells. The tmRNA signal was decreased in the absence of SmpB, consistent with previous data showing tmRNA levels are decreased by 90% in ⌬smpB cells (10) . The remaining SsrA-Cy3 signal was homogeneously distributed throughout ⌬smpB cells (Fig. 4A) , suggesting that tmRNA is not localized in the absence of SmpB. To exclude the possibility that tmRNA delocalization in ⌬smpB cells was caused by a low amount of tmRNA, tmRNA localization was examined in cells that lack RNase R (Fig. S2) . RNase R degrades tmRNA in stalked cells, and tmRNA levels are constitutively high in cells deleted for vacB, the gene encoding RNase R (10). tmRNA was delocalized in ⌬vacB stalked cells, even though tmRNA remained abundant (Fig. S2) . Therefore, SmpB is required for tmRNA localization.
To determine whether tmRNA is required for SmpB localization, localization of SmpB was examined in ⌬ssrA cells. The SmpB localization pattern in ⌬ssrA cells was indistinguishable from that observed in wild-type cells (Fig. 4B) , indicating that SmpB is localized in the absence of tmRNA.
tmRNA Activity Does Not Affect Localization. Because SmpB has no trans-translation activity in ⌬ssrA cells (25) , and studies in E. coli have shown that SmpB does not interact with ribosomes in the absence of tmRNA (26) , the localization of SmpB in ⌬ssrA cells suggests that trans-translation activity is not required for SmpB localization. To further test this hypothesis, localization of tmRNA NC , an inactive variant of tmRNA, was probed. tmRNA NC has a point mutation changing the G:U base pair in the acceptor stem to a G:C base pair. Similar mutations in other species result in a tmRNA that is not charged with alanine in vivo and is therefore inactive for trans-translation (27, 28) . Northern blots showed that C. crescentus tmRNA NC was not charged with alanine in vivo, and tmRNA NC did not complement the ssrA phenotype in a ⌬ssrA strain, confirming that this variant is not active. FISH assays using cells containing tmRNA NC but no wild-type tmRNA showed a fluorescence pattern identical to that of wild-type cells (Fig. 5A) . Thus, trans-translation activity is not required for localization of either tmRNA or SmpB.
To test whether active translation is required for tmRNASmpB localization, translation was inhibited by addition of chloramphenicol before FISH. Under conditions in which translation was inhibited Ͼ90%, tmRNA was localized in the same pattern as in untreated wild-type cells (Fig. 5B) . Taken together, these data suggest that tmRNA-SmpB is localized independently of translation and trans-translation activity.
RNase R Is Localized in a Structure Distinct from tmRNA. RNase R interacts with tmRNA in both C. crescentus and E. coli (10, 29) . To determine whether RNase R is localized with the tmRNASmpB complex, IFM was performed using an antibody raised against RNase R. RNase R fluorescence signal was localized in a pattern similar to that of tmRNA and SmpB in 100% of cells observed (n ϭ 125) (Fig. 6) , and no signal was observed in cells deleted for the gene encoding RNase R. IFM experiments using synchronized C. crescentus cultures showed that the RNase R pattern did not change through the cell cycle (Fig. S3) . RNase R localization was confirmed by IFM using cells expressing an RNase R variant with M2 epitope at the C terminus (RNase R-M2) and anti-M2 antibody conjugated to Cy3. The fluorescence pattern from RNase R-M2 in these cells was identical to that of wild-type RNase R (Fig. S4) . To determine whether RNase R is colocalized with tmRNA-SmpB, fixed cells were probed with both SsrA-Cy3 and anti-RNase R antibody. Despite similar patterns of fluorescence from tmRNA and RNase R, a merged image showed red and green foci with little yellow, indicating that the signals were not coincident (Fig. 6) . The overlap coefficient for these images was 0.48, confirming that there was little overlap between the tmRNA and RNase R patterns. A similar analysis on cells containing RNase R-M2 probed with anti-M2 antibody and anti-SmpB antibody showed that RNase R was not colocalized with SmpB (Fig. S4) . RNase R was localized in ⌬ssrA and ⌬smpB cells, indicating that RNase R is localized independently of tmRNA-SmpB and transtranslation activity (Fig. S5) . These results suggest that RNase R is not in a complex with tmRNA and SmpB. Instead, RNase R forms a helix-like pattern that is out of phase with the tmRNASmpB pattern.
Discussion
Although localized RNAs have been identified in eukaryotes, tmRNA is the first example of an endogenous bacterial RNA that is localized. The localization of tmRNA and SmpB to a discrete structure within the cytoplasm demonstrates that bacteria have the capacity to localize RNA, and raises the possibility that other RNAs may be localized as well. How is tmRNA localized? Results showing that tmRNA localization depends on SmpB but SmpB is localized in the absence of tmRNA suggest that SmpB contains the localization information and that tmRNA is localized through binding to SmpB. Even though tmRNA-SmpB produces a pattern similar to proteins that polymerize to form helical filaments, such as MreB, it is unlikely that the tmRNA-SmpB complex polymerizes. trans-Translation requires that individual tmRNA-SmpB complexes pass through the ribosome, so tmRNA-SmpB would have to dissociate from the structure during trans-translation or be held with a long and f lexible tether. The simplest model is that the tmRNA-SmpB complex is localized by binding of SmpB to another molecule that forms a helix in the cell. Several helical filaments have been observed in C. crescentus using electron cryotomography (30) , but the only filament that has been examined in molecular detail is the actin-like protein MreB. The localization of tmRNA-SmpB was not disrupted by the addition of A22, an inhibitor that disrupts the MreB structure (Fig. S6) , indicating that MreB is unlikely to anchor SmpB. Other potential interaction partners are under investigation.
What is the purpose for localization of tmRNA-SmpB? One possible explanation is provided by the localization of RNase R in a structure distinct from tmRNA-SmpB. tmRNA may be localized to sequester it from RNase R during portions of the cell cycle when trans-translation is required. Proteolysis of SmpB in early S phase would release tmRNA, allowing it to diffuse to localized RNase R and to be degraded. Consistent with this hypothesis, tmRNA was delocalized in early S phase cells in strains lacking RNase R (Fig. S2) . Another possible rationale for localization of tmRNA-SmpB is to regulate trans-translation activity, either by ensuring access to substrate ribosomes or by limiting interaction with elongating translational complexes. Intriguingly, the enzymes that dispose of stalled translation complexes in eukaryotes are localized in structures called Pbodies (31) . Stalled ribosomes move into P-bodies, where the ribosome is dissociated and the mRNA is degraded. transTranslation serves a similar function in bacteria, so the tmRNASmpB helix may be analogous to P-bodies. These models are not mutually exclusive, and spatial regulation of tmRNA-SmpB might serve multiple functions in the cell.
Materials and Methods
Plasmids and Strains. C. crescentus CB15N (32) , and the mutant strains ⌬ssrA, ⌬smpB, and ⌬vacB (33) , were grown at 30°C in PYE or M2G medium (34) . Synchronized cultures were obtained by isolating swarmer cells from a Ludox density gradient (32, 35) . To inhibit translation, chloramphenicol was added to cells for 10 min at a final concentration of 300 g/ml. Translation was monitored by incorporation of [ 35 S]methionine (15) .
Plasmids producing SmpB-M2 and RNase R-M2 were constructed by cloning the relevant coding sequence between the xylose promoter sequence and the M2 sequence in plasmid pM2C (36) . Plasmids were moved into C. crescentus cells by electroporation. Production of M2 fusion proteins was induced in C. crescentus cells containing pM2C-derived plasmids by addition of xylose to 0.3%. A plasmid producing tmRNA NC was constructed by making a mutation in the ssrA sequence of pssrA (33) to change U217 of tmRNA to C, and by cloning the resulting gene into pMR20 (37) .
Microscopy. Images were obtained using an Eclipse 90i microscope (Nikon) with a 60X TIRF N. A. 1.4 objective, and a Nikon CoolSNAP HQ CCD camera controlled by Simple PCi (Compix, Inc.). Single microscopy images were deconvolved using the 2D Blind Deconvolution algorithm in AutoQuant software (Media Cybernetics).
The SsrA-Cy3 probe (5Ј-CGGCGAACTCTTCAGCGAAGTTATCGTTCGC-3Ј) was designed to anneal to the tmRNA tag reading frame. For FISH, cells were grown in M2G to OD 660 ϭ 0.3-0.4, fixed with 7.5% para-formaldehyde for 15 min at 30°C, and incubated 30 min at 4°C. Fixed cells were harvested by centrifugation, washed three times with phosphate-buffered saline (PBS) (140 mM NaCl, 3 mM KCl, 8 mM sodium phosphate, and 1.5 mM potassium phosphate [pH 7.5]), incubated with 10 g/ml lysozyme for 4 min at 25°C, and harvested by centrifugation. Cells were resuspended in GTE (50 mM glucose, 20 mM Tris-HCl, and 10 mM EDTA), and deposited on polylysine coated coverslips. After 5 min, excess liquid was removed and coverslips were allowed to dry. Dried coverslips were washed once with 0.1% Triton X-100 for 5 min, washed twice with 2 X SSCT (300 mM NaCl, 30 mM sodium citrate [pH 7.0], and 0.1% Tween-20) for 5 min in a humid chamber at 25°C, and washed once in 2 X SSCT plus 50% formamide for 30 min at 37°C in a humid chamber. Liquid was removed, coverslips were incubated 4 min at 95°C in hybridization solution (450 mM NaCl, 45 mM sodium citrate [pH 7.0], 55% formamide, 11% dextran sulfate, and 20 ng/l SsrA-Cy3), and incubated for 8 -12 h at 42°C in a humid chamber. Coverslips were washed with 2 X SSCT plus 25% formamide for 30 min at 37°C in a humid chamber, stained with 2 X SSCT plus 150 g/ml DAPI for 5 min at 25°C, washed twice with 2 X SSCT for 5 min at 25°C, washed with PBS, and mounted on slides with Cytoseal60 (Richard-Allan Scientific).
For IFM, cells were grown at 30°C in PYE or M2G to OD 660 ϭ 0.3-0.4, and prepared as previously described (38) . Cells were stained with 150 g/ml of DAPI and probed with rabbit anti-SmpB antibody (10) or rabbit anti-RNase R antibody (10), followed by goat anti-rabbit IgG conjugated to Alexa Fluor 488 (Invitrogen). Alternatively, for M2-tagged proteins, cells were probed with anti-FLAG M2-Cy3 antibody (Sigma).
FISH/IFM colocalization assays were performed by fixing and probing cells using the FISH procedure described above, except that DAPI staining was omitted. Before mounting, coverslips were washed with 2% bovine serum albumin (BSA) in PBS for 30 min at 25°C in a humid chamber, and incubated with 2% BSA in PBS with anti-SmpB antibody or anti-RNase R antibody for 8 -12 h at 25°C in a humid chamber. Coverslips were then washed 10 times with PBS and incubated with 2% BSA in PBS with goat anti-rabbit IgG conjugated to Alexa Fluor 488 (Invitrogen) plus 150 g/ml DAPI for 1 h at 25°C in a humid chamber, washed 10 times with PBS, and mounted on slides with Cytoseal60 (Richard-Allan Scientific). Colocalization analysis for tmRNA, SmpB, and RNase R was performed using Image Pro software (Media Cybernetics).
tmRNA Charging Assay. Cells expressing tmRNA NC and tmRNA were grown in PYE at 30°C and harvested at an OD 660 ϭ 0.3-0.4. Total RNA was harvested and prepared for base-labile mobility shift on Northern blots as previously described (39) . Northern blots were probed with the genes encoding tmRNA and tRNA Ala to determine charging.
